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ABSTRACT
Three series of experiments were conducted to study the effect of Reynolds 
number, near-wall perturbation and background turbulence on the characteristics of 
smooth open channel flows. Measurements were carried out using a laser Doppler 
anemometer. The variables of interest include the mean velocity, the turbulence 
intensity, probability density distribution and Gram-Charlier series coefficients.
For the range of Reynolds number studied, the turbulence intensity profiles show 
that the effect of Reynolds number can be significant in open channel flows. 
However, the probability density distributions at various distances from the bed do 
not indicate any Reynolds number effects. The coefficients of the Gram-Charlier 
series expansion are nearly constant in overlap region and the region of nearly 
constant value of coefficients increase with increasing Reynolds number. The near­
wall perturbed velocity profiles indicate that the overlap region develops more slowly 
than the inner and outer regions. The mean velocity profile is recovered at the farthest 
downstream station, whereas the turbulence intensity and higher-order coefficients do 
not indicate complete recovery. The presence of higher background turbulence 
significantly alters the characteristics of flow. Velocity defect in the outer region is 
decreased resulting in more negative values of the wake parameter, while the Gram- 
Charlier series coefficients are more uniformly distributed through out the depth.
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NOMENCLATURE
ACRONYMS
2-D = Two-dimensional
LD A = Laser Doppler Anemometer
r.m.s = root mean square
ENGLISH SYMBOLS
B = log-law parameter (=5.0)
C = power law parameter 
Cf = skin friction coefficient 
d = diameter of sphere 
Fu = flatness
g = acceleration of gravity 
h = depth of flow 
H = shape parameter
Reh -  Reynolds number based on depth of flow
Ree = Reynolds number based on momentum thickness Reynolds number 
Su = Skewness
U = mean velocity in the x-direction 
Ue = Maximum average velocity 
u = instantaneous velocity at any point in the x-direction 
Ux = friction velocity
x
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U td  =  friction velocity from defect law.
U+ = velocity in inner coordinate (velocity scaled by the friction velocity) = UT y/v 
u+ = turbulence intensity = u/UT
x = location measurement down the length of the channel
y = location measurement through depth of the channel
y+ = depth in inner coordinates (or depth scaled by friction velocity) = y U T Iv.
GREEK SYMBOLS
a - Power law parameter
5 = boundary layer thickness 
*
8 = displacement thickness 
k  = Von Karman constant 
p. = viscosity of the fluid 
v = kinematic viscosity of the fluid 
n  = wake strength parameter 
0 = momentum thickness 
p = fluid density
a = standard deviation of velocity measurement
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CHAPTER 1
INTRODUCTION
Similar to turbulent boundary layers, the velocity distribution in smooth open 
channel is divided into an inner and outer region. The two regions have distinct sets of 
characteristic velocity and length scales. In the viscous sublayer layer, the friction
Here, xw is the wall shear stress and v is the kinematic viscosity of the fluid. The viscous 
sublayer is mathematically described by U+ = y+, where U+ = U/Ux, y+ = yUT /v, and y is 
the distance measured from the bed. A majority of the experimental evidence in open 
channel flow (OCF) supports the existence of a region near the wall where the velocity 
profiles scale logarithmically. Steffler et al., (1985), Nezu and Rodi (1986), Balachandar 
et al., (2002) have shown that there is an overlap layer (30 <y+< 0.2hUT /v), where the 
mean velocity profiles agree well with the classical log-law given by:
Here, k  ~ 0.41 and B ~ 5 are considered to be universal constants. The velocity 
distribution in the OCF farther from the wall (y/h > 0.2) is not expected to be affected by 
viscosity and the characteristic velocity scale is defined by the maximum velocity, Ue 
near the free surface, while characteristic length scale is the depth (h) of flow. In the 
outer region of the turbulent boundary layer (TBL) where the flow is mainly controlled 
by turbulence, Coles (1956) proposed a velocity defect law:
The non-dimensional quantity, n, is called the wake parameter and is a measure of the
1 /9velocity UT = (xw/p) , is the appropriate scale, and the characteristic length scale is v/UT.
U+ = - l n  y ++B (1)
K
(3)
deviation of the velocity distribution from the log-law. In the above equation 8 is the
1
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boundary layer thickness. For zero pressure gradient smooth TBL, Coles found that n  is
0.55 at high Reynolds numbers. In dealing with velocity profiles in the outer region of 
smooth OCF, Nezu and Rodi (1986) have noted that n  is dependent on Reynolds number. 
Cardoso et al., (1989) noted that values of n  varied from -0.27 to +0.2 in smooth, 
uniform open channel flow. Kirkgoz and Ardichoglu (1997) have also indicated very low 
values of II (~ 0.1). Krogstad et al., (1992) proposed the following equation:
u:-u+ =2U
K
i — — (i + 6 n / ^ l  - ( i  + 4i
2 n v V ;  A\ u  J
-  — In­
s’ 8
(4)
The above equation has also been adopted for use in OCF (Balachandar et al., 2001 and 
Tachie et al., 2000). Tachie et al., (2003) have shown that the value of II also depends on 
the roughness condition. The value of II is also expected to be dependent on the level of 
background turbulence present in the flow.
Though analogies exist between TBL and flow in open channels, there are 
important differences which arise due to the presence of free surface and the channel side 
walls (Nezu 2005, Roussinova et al., 2006). The effect of the side walls is somewhat 
reduce when the aspect ratio (= channel width/flow depth) is large. Previous studies have 
indicated that the effect of the bed on turbulence is confined to a region close to the wall, 
whereas there is strong evidence that eddies are transported to the outer region. Nezu and 
Nakagawa (1993) have noted that the bursting motions in the inner layer interact with 
eddies formed in the outer layer. Only the stronger bursting motion near the wall can 
produce and sustain eddies in the outer region. This is supported by the fact that the 
period of the bursting motion at the wall coincides with the period of the boils formed at 
the free surface.
2
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Even with the development of high speed computers, the use of direct numerical 
simulation is still limited and predictive methods continue to use turbulence models. The 
dependence on experimental data to formulate and validate such models has also 
continued. Because of the difficulty to achieve a fully developed, very high Reynolds 
number open channel flow under subcritical conditions, one needs to resort to working at 
lower Reynolds numbers. To this end, the dependence of the mean and turbulence 
parameters on the flow Reynolds number was studied for Reh = Ueh/v ranging from 
23,000 to 72,000. It is also useful to study the response of the velocity profile to 
changing boundary conditions. The response of the velocity profile to a near-wall 
perturbation and changing turbulence levels in the flow were studied. The variables of 
interest include the mean velocity, probability density distribution of the velocity 
fluctuations and the Gram-Charlier series coefficients. The usefulness of the power law 
and the dependence of the power law coefficients on the flow conditions were also 
evaluated.
3
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OBJECTIVES:
The purpose of this research is to further study the characteristics of turbulence in an 
open channel flow. The specific objectives are:
1. To study the dependence of the flow parameters on Reynolds number.
2. To examine the recovery of flow downstream of a near-wall perturbation.
3. To identify the applicability of power law in open channel flow.
4. To determine the effects of background turbulence on mean velocity distribution, 
probability density distribution and Gram-Charlier series coefficients.
To this end, variables of interest include the mean velocity, probability density 
distribution of the velocity fluctuations and examination of the Gram-Charlier series 
coefficients.
4
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CHAPTER 2 
LITERATURE REVIEW
In relation to the four objectives stated objectives in chapter 1, the literature review is 
also presented in four sections (2.1 to 2.4).
2.1 Reynolds number effects
In OCF literature, the values of the Reynolds number investigated are lower than 
those encountered in practice. It is therefore important to understand the usefulness of the 
results obtained from low Reynolds number experiments. The individual turbulence 
statistics obtained at different Reynolds numbers are expected to collapse on to a single 
curve when they are made dimensionless using proper scaling laws.
Purtell et al., (1981) investigated Reynolds number effects on a zero pressure 
gradient TBL over a range of momentum thickness (0) Reynolds numbers 450 < Ree = 
Ue0/v <5100. Their results showed that the overlap region did not disappear even at the 
lowest Reynolds number (Ree = 485) examined. They observed that n  showed a distinct 
Re dependence for Ree < 2000. In inner coordinates, the distribution of streamwise 
turbulence (u) was similar for y+ < 15 while a much greater degree of similarity was 
noted when boundary layer thickness was used as the normalizing length scale.
Andreopoulos et al., (1984) studied Reynolds number effects in TBL for 3,624 < 
Ree < 15,406. The log-region showed the Karman constant (k ) to be independent of 
Reynolds number where as the constant B in equation (1) showed a slight decrease with
5
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increasing Reynolds number. They also studied the probability density distribution of 
velocity fluctuations in the viscous sublayer and observed deviations from a typical 
Gaussian distribution for low Reynolds number flows. The deviation decreased at higher 
values of Ree.
Wei and Willmarth (1989) studied the effect of Reynolds number on turbulent 
channel flow in the range 2,970 < Re < 39,580 (Here, Re is here based on centerline 
velocity and the channel half-width). The longitudinal turbulence intensity data scaled 
with inner variables, showed Reynolds number similarity up to y+ < 12, but outside this 
range the data showed significant Reynolds number effects. The peak value of u+ 
increased with increasing Re. The shear stress profiles also behaved in similar manner. 
The wall-normal turbulence intensity did not collapse using inner scaling at any distance 
from the wall. Wei and Willmarth (1989) indicated probe resolution errors became 
significant near the wall.
Durst et al., (1998) conducted measurements in a fully developed channel flow 
using a high resolution LDA. The Reynolds numbers (based on bulk velocity and channel 
width) varied from 2,500 to 9,800. They observed that the streamwise turbulence 
intensity scaled in inner variables for y+ < 50. The peak value of the turbulence intensity 
was found to be 2.55 which was independent of Reynolds number.
Osaka et al., (1998) examined Re effects in a smooth wall TBL the in the range 
of 840 < Ree < 6220. They observed a reasonable collapse of the mean velocity in the
6
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near-wall region. The magnitude of n  took on an asymptotic value of 0.62 when the Re 
was sufficiently high. The u+ profiles showed Re independence for y+ < 20 and peak 
values were found to be insensitive to Reynolds number.
Balachandar and Ramachandran (1999) conducted measurements in an open 
channel in the range of 180 < Ree < 480, and identified an overlap region where k  is 
independent of Reynolds number, and observed n  to decrease with increasing Re. The 
longitudinal mean velocity and turbulent velocity fluctuations showed similarity for the 
low values of Ree studied. The extent to which the data overlaps with the log-law 
decreased with decreasing Ree.
Tachie et al., (2003) conducted measurements in an OCF for Ree varying from 
750 to 2400. The mean velocity profiles show that the extent of logarithmic region and 
n  increases with increase of Re. The turbulence intensities showed Reynolds number 
dependence for y+ > 30 when inner scaling is used, but the profiles collapse reasonably 
well close to the wall and also in the outer region when outer scaling is adopted. The 
overlap region shows Re dependence, irrespective of the scaling used.
Balachandar et al., (2001) conducted an experimental study of TBL developing 
on smooth flat plate in an OCF (800 < Ree < 2900). The skin friction coefficient was 
shown to decrease while the logarithmic region was found to increase with increasing 
Ree, while n  was found to decrease with increasing Ree. The peak value of the
7
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turbulence intensity was shown to occur at y+ = 15. The skewness of velocity 
fluctuations in streamwise direction was shown not to be constant and not equal to zero.
2.2 Near-wall perturbation
The flows subjected to sudden perturbation are encountered frequently in practice. 
For example, when offshore breezes encounter a coastline, the sudden change in surface 
roughness can have significant effect on the flow (Smits and Wood, 1985). Numerous 
papers and reviews have appeared on the influence of the perturbation and reorganization 
of a TBL. The types of perturbations include changes in surface roughness, boundary 
discontinuity, wall curvature etc. In assessing the degree of recovery or relaxation of the 
distorted flow towards the standard from, the structures of the two (i.e., the standard and 
recovering) flows are compared. The self-similarity in the log-law and the mean defect 
profile become useful criteria for the inner and outer regions, respectively. Some 
investigators have implied that a developing TBL is self-preserving if integral parameters 
such as the profile shape factor H, the momentum thickness 0, and the skin friction 
coefficient Cf become independent of streamwise distance. The critical aspect in the 
recovery process downstream of near-wall perturbation is, whether the inner layer or the 
outer layer that relaxes first to the standard from.
Smits and Wood (1985) conducted a review on the behavior of turbulent 
boundary layers subjected to sudden perturbations. They argued that the simplest possible 
perturbation is localized at the wall. The most common example is step change in 
roughness. The boundary layer responds to these perturbations by forming an internal
8
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layer that is affected by the new boundary conditions. The outer layer response is 
particularly sensitive to the applied perturbation. If the downstream surface is rough, self 
preservation is quickly re-established, whereas if the downstream surface is smooth, the 
excess shear stress propagates across the layer and decays slowly toward self 
preservation.
Bushnell and McGinley (1989) indicate that the turbulence production process in 
wall bounded flows involve at least three different scales of motion. These are the outer 
large scales, which are of the order of boundary layer thickness, 8, intermediate scales 
with the characteristic dimensions of 100 wall units, and near-wall small-scale with 
characteristic dimensions of the order of 1—10 wall units. Because of the differences in 
the characteristic time and velocity scales in each region of the boundary layer, recovery 
process will depend on where the distortion is applied. Bushnell and McGinley (1989) 
implied that the relaxation process will be completed over a distance on the order of 100 
length scales of the affected flow region. Thus, for a flow that is distorted in the outer 
region, recovery will be of the order of 1008. For a boundary condition that primarily 
affects the inner layer (out of y < 0.28), recovery will be on the order of 208.
Jung and Se (1992) conducted an experimental study to investigate a redeveloping 
turbulent boundary layer downstream of a backward facing step. In the region following 
reattachment, the mean velocity distribution slowly recovers to the form of an 
equilibrium boundary layer. During this process the flow in the inner region reaches
9
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equilibrium rapidly, while the flow in the outer region experiences a much slower 
change.
Le et al., (1997) carried out a direct numerical simulation of a flow over a 
backward facing step and found that the velocity profiles deviated from the log-law even 
at 20 step heights following separation.
Castro and Epik (1998) conducted boundary layer measurements downstream of 
the highly turbulent separated flow generated at the leading edge of a blunt flat plate. 
They considered two cases: first, when there is only low (wind tunnel) turbulence present 
in the freestream flow and a second when rough isotropic homogeneous turbulence is 
introduced. They concluded that the development process is very slow and non­
monotonic. They argued that as far as turbulence is concerned, the inner region develops 
no more quickly than the outer flow, and it is the latter which essentially determines the 
overall rate of development of the whole flow. By comparison with data obtained by 
other workers in different, but related flows, they mentioned that the features of the 
developing boundary layer are quantitatively independent of the precise nature of 
separation and reattachment process.
Tachie et al., (2001) conducted measurements of mean velocity and turbulence 
statistics upstream and downstream of a 3-mm forward facing step in a shallow open 
channel flow. They showed that the overlap region develops more slowly than the inner 
and outer regions. The mean profile recovers at x/h >100 but the profiles do not collapse
10
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onto the upstream profiles. They showed that the viscous sublayer was insensitive to the 
imposed disturbance and the recovery process, was more rapid and complete at x/h =10. 
A reasonable agreement between the upstream and downstream mean velocity profile at 
x/h > 50 was observed. The streamwise turbulence intensity displayed two peaks 
immediately downstream of the reattachment location. The recovery process of 
turbulence intensity was much slower compared to the mean flow.
2.3 Background turbulence
Compared to a canonical boundary layer, open channel flows generally have 
higher levels of turbulence. Besides, there are many near-wall engineering applications 
where one needs to understand the role of background turbulence. For smooth wall 
boundary layers at elevated freestream turbulence Bradshaw (1978) argued that the log- 
law holds when there is local equilibrium in the near-wall region. Hancock and Bradshaw 
(1989) measured various terms in the turbulence energy transport equation at a turbulence 
intensity Tu < 6% and found the boundary layer to be in local equilibrium. Thole and 
Bogard (1996) extended the data to Tu values as high as 20%. Among other findings they 
confirmed the validity of log-law at high freestream turbulence and noted significant 
alterations of the outer region of the boundary layer. Based on the measured velocity 
spectrum, they found that at Tu = 20 %, the freestream turbulence penetrates deep into 
the near-wall region.
Hancock and Bradshaw (1983) conducted mean flow and turbulence 
measurements on a boundary layer beneath a nearly homogeneous isotropic grid
11
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generated turbulent flow. They showed that as the freestream turbulence increases, the 
outer region of the boundary layer exhibits a depressed wake region. Hoffman and 
Mohammadi (1991) showed a decrease in the value of n  with increasing freestream 
turbulence level.
Balachandar and Tachie (2001) generated a high turbulent flow caused by the 
interaction between a boundary layer on a horizontal floor of a shallow open channel 
flow and the wake of a thin flat plate mounted vertically on floor of the channel. There 
results indicate that the profiles in the near wake region are quite distorted and the 
recovery of the boundary layer to the upstream condition is slow. There results also 
indicate that the inner region appears to develop more quickly than the outer flow. The 
velocity profiles indicate that the wake effects are prevalent at 200 plate widths 
downstream of wake generator. Neither mean nor higher-order moments indicate a 
complete recovery even at large distances from the turbulence generator.
Krampa-Morlu and Balachandar (2005) changed the turbulence levels in a smooth 
open channel by suspending a flat plate and examined recovery in terms of mean 
velocity, turbulence intensity and quadrant decomposition, and the results indicated that 
the near-wall region recovers faster than the outer region. They revealed that at the last 
measuring station, away from the wall region, the flow was still being influenced by the 
upstream disturbance.
12
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Balachandar and Patel (2005) studied effect of near free surface disturbance 
imposed in an open channel flow in the presence of low and high background turbulence. 
The II parameter and the normalized turbulence levels were reduced in the presence of 
high turbulence.
2.4 Power Law
The scaling law for the overlap region has been of considerable interest to the 
fluid dynamics community because it directly leads to skin friction laws. The specific 
form of the scaling law in the overlap region depends on the assumptions made in the 
course of the matching process. Depending on the specific assumptions implied, a log- 
law or a power law is obtained. The power law velocity profile is usually written as:
U+ = Cy+a (5)
The log-law assumes that the velocity gradient in the main body is independent of 
molecular viscosity, where as power law assumes that the velocity gradient of the main 
body of the flow remains dependent on viscosity up to some arbitrary large Reynolds 
number (Barenblatt and Prostokishin, 1993). Attempts have been made to use refined 
experimental data to identify the proper scaling law for the overlap region. The boundary 
layer measurements reported by Osterlund et al., (2000) provide evidence in support for a 
log-law; however, a reanalysis of the same data by Barenblatt (1993) suggests that the 
data are better described by a power law. Recent measurements at low Reynolds numbers 
and direct numerical simulation (DNS) results show that the overlap region gradually 
disappears as the Reynolds number decreases. This has important implications because
13
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without a well-defined log-law region the usefulness of the Clauser plot technique to 
determine the skin friction is severely diminished.
14
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2.5 Evaluation of Literature
The present literature review indicates that many interesting aspects related to 
mean velocity and turbulence have been resolved but several questions still need to be 
addressed (Smits and Wood, 1985). For example, the peak value of the turbulence 
intensity has been found to be independent of Re while others note a dependence on Re. 
There are differences in the variation of n  with Re. A sample plot of previous results for 
smooth OCF is shown in Figure 1. Clearly, the literature points to varying trends. The 
topic of interest in perturbed flows dealing with the recovery process is whether it is the 
inner layer or the outer layer that relaxes first to the standard form. Castro and Epik 
(1998) indicated that as the inner and outer layers are dynamically linked, the inner layer 
cannot possibly develop normally until the outer layer has become more normal. Tachie 
et al., (2001) argue that the recovery process depends on the flow parameters that are 
being examined. The present study aims to resolve some of the issues related to the near­
wall perturbation, Reynolds number effect and background turbulence.
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Figure 1: Variation of wake parameter with Reynolds number based on depth of flow
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CHAPTER 3
EXPERIMENTAL SETUP AND PROCEDURES
The present experiments were conducted in a 9.5 m long, 1.2 m wide and 0.6 m 
deep rectangular cross section open channel flume having a recirculating flow system. 
The side walls and bottom of the flume are made of Plexiglas to facilitate unobstructed 
transmission of the laser beams. A tailgate was used to control the depth of flow. The 
flow was conditioned by using a flow straightner packed with plastic straws and located 
at the flume entrance. The depth of flow was constant in all tests at 100 mm. The 
corresponding aspect ratio of 1 2  is large enough to minimize the effect of secondary 
currents as the measurements were conducted along the flume axis (Muste and Patel, 
1997). Measurements were carried at a streamwise distance of 5.25 m (or greater) 
downstream of the flume entrance (Figure 2). The Reynolds number of the flow based on 
the distance from the start of the flume varied from 1.1 x 106 to 3.7 x 106. Sand particles 
were glued on to the bottom of the channel as a 2  5-mm wide strip spanning the entire 
width of the flume at 3.5 m downstream of the flume entrance. This additional effect of 
tripping ensured the attainment of a fully developed turbulent state.
Velocity measurements were conducted using a two-dimensional laser Doppler 
anemometry (LDA) system. The LDA was powered by 300 mW argon-ion laser. The 
optical system includes a Bragg cell, a beam expansion unit and a 500 mm focusing lens. 
The LDA system was operated in backward scatter mode. The measuring volume for the 
present configuration was 0.124 x 0.123 x 1.65 mm3. The probe resolution in the wall
17
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
normal direction (in wall units) for present test conditions was 1.2 < 1+ < 3.4, which is 
adequate enough to allow reliable measurements of both the mean velocity and 
turbulence intensity (Gad-el-Hak and Bandyopadhyay 1994). The LDA was set to obtain 
1 0 , 0 0 0  velocity realizations or 1800 seconds of measurement at each point in the profile, 
which ever occurred first. The LDA probe was mounted on a two-dimensional computer 
controlled traversing system capable of attaining the same location with an accuracy of 
±0.01mm. The water was filtered for several days prior to the start of the test and 5 
micron diameter seed particles were added to the flow to facilitate velocity 
measurements. The LDA data rate varied from 10 Hz close to the wall to about 50 Hz at 
distances remote from the wall.
Three series of experiments were conducted. Series A was conducted on a 
hydraulically smooth surface at three different Reynolds numbers. Series B and Series C 
denoted the near-wall perturbation tests and the background turbulence tests, 
respectively. Series A test conditions are summarized in Table 1, where Tu denotes the 
turbulence intensity at the location where Ue is obtained and X denotes the distance from 
the start of the flume to the measurement station. In Series B, the near-wall perturbation 
was generated using a row of 5-mm diameter spheres glued to the bottom of the channel 
spanning the entire width of the flume. The row of spheres was located 5.25 m from the 
entrance to the flume. The velocity and depth of flow was kept constant at 0.38 m/s. 
Velocity measurements were made at four axial stations (x/d = 10, 20, 40 and 60) 
downstream of the spheres (here, x is as defined in Figure 2). A summary of the Series-B 
test conditions is also provided in Table 1. In this table, SM denotes smooth wall tests
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without near-wall perturbation and NP denotes the perturbed flow. In Series C, the high 
background turbulence (denoted High-Tu) was generated by removing the flow straighter 
and the measurements were made at three stations (indicated as Stations A, B and C) 
separated by a distance of 100 mm between them. The first station (A) was located 5.35 
m downstream of the flume entrance
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Water surface
Sand trip 5 mm sphere for near-wall perturbation tests
1200 mm
Flow
100 mm
5.25 m3.5 m
Figure 2: Schematic of the flow field
20
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table 1: Summary of Test conditions
Test Location Ue
(m/s)
Tu
(%)
Ree Reh
Reynolds number effect (Series A)
A-Rei X = 5.45 m 0.559 4.10 5280 72,000
A-Re2 X = 5.45 m 0.379 2.90 3540 49,214
A-Re3 X = 5.45 m 0.199 3.20 1260 23,000
Near-wall perturbation (Series B)
B-SM1 x/d = 1 0 0.379 3.16 3357 49,214
B-SM2 x/d = 2 0 0.379 3.16 3357 49,214
B-SM3 x/d =40 0.379 2.90 3540 49,214
B-SM4 x/d =60 0.379 3.44 3561 49,214
B-NP1 x/d = 1 0 0.379 3.59 3499 49,214
B-NP2 x/d = 2 0 0.379 4.19 3246 49,214
B-NP3 x/d = 40 0.379 4.19 3295 49,214
B-NP4 x/d = 60 0.379 3.37 3725 49,214
background turbulence (Series C)
Low-
Tu
Station A X = 5.35 m 0.379 3.16 3357 49,214
Station B X = 5.45 m 0.379 2.90 3540 49,214
Station C X = 5.55 m 0.379 3.44 3561 49,214
High-
Tu
Station A X = 5.35 m 0.379 5.16 2579 49,214
Station B X = 5.45 m 0.379 4.65 2736 49,214
Station C X = 5.55 m 0.379 4.86 2816 49,214
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CHAPTER 4 
RESULTS AND DISCUSSION
In accordance with the objectives of the present study, the role of Reynolds 
number, the effects of near-wall perturbation and background turbulence are analyzed. 
The mean aspects are considered first, which also serve to validate the measurement 
procedures used in the study. Following this, light is shed on velocity probability density 
distribution and Gram-Charlier series coefficients.
4.1 Mean velocity profiles
4.1.1 Reynolds number effect
The mean velocity profile in outer scaling along the centreline of the flow for the 
three tests is shown in Figure 3a. The wall normal distance (y) is normalized by the 
maximum flow depth (h), and the mean velocity (U) is normalized by the maximum 
value near the free surface (Ue). It can be seen that mean velocity profiles collapse 
reasonably with a slight Reynolds number dependence that is consistent with earlier 
observations in turbulent boundary layers (Schlichting, 1979). The mean velocity 
profiles in inner coordinates at the three Reynolds number are shown in Figure 3b. The 
friction velocity was evaluated from the velocity measurements by applying the log-law 
with k  = 0.41 and B = 5. As expected, the profiles collapse on to a single curve at the 
three Reynolds numbers. As Re increases, the extent over which the experimental data 
collapse onto the log-law increases. The extent, denoted as 1+ = UT 1/v, varies from 1+ = 
1088 at A-Re3 to 1+ = 2940 at A-Rei. It is thus possible that the wall and wake regions
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approach each other and may finally overlap at a very low value of Re. The variation of 
skin friction coefficient Cf with Ree is shown as an inset in Figure 3a. Here, Cf is based 
on the UT obtained from Clauser chart. As expected, Cf shows a decreasing trend with 
increasing Ree. The present data trend compares favorably with the data of Tachie et al., 
(2003), Purtell et al., (1981) and Osterlund (1999). The present values of Cf are relatively 
higher than that obtained at similar Ree in a canonical TBL. As noted from literature and 
will be shown later, the higher values of Cf in open channel flows is due to the higher 
background turbulence intensity and the lower values of If. The boundary layer shape 
parameter H defined as the ratio of displacement thickness to momentum thickness is 
plotted in the inset in Figure 3b, which varies from 1.27 to 1.29. The magnitude of H is 
similar to that reported in previous studies. The present data trends for Cf and H are 
indicators that the open channel flow data can be compared to standardized flows such as 
zero-pressure gradient turbulent boundary layers.
The velocity defect profiles are shown in Figure 3c, where Ue is used as the 
velocity scale. There is small systematic decrease in the mean velocity defect as Ree 
increases. Tachie et al., (2003) also showed a systematic decrease in the mean velocity 
defect as Ree increases. The velocity defect profile for a zero pressure gradient smooth 
flat plate TBL is also shown with n  = 0.55 . Clearly the value of n  is not equal to 0.55 in 
open channel flow. This difference has been attributed to the free surface effect present in 
open channel flow and the elevated levels of background turbulence.
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Following Tachie (2001), the values of friction velocity ( U xd)  and II were 
computed using equation (3) and the two parameter optimization procedure. The value of 
II can also be computed using equation (3) and the value of Ux obtained from the Clauser 
chart. The two estimates of n  are shown in the inset of Figure 3c. It should be noted that 
the difference in the shear velocity obtained by two parameter optimization procedure 
compared to that obtained using log-law is 10% for Test A-Rei, ±6 % for A-Re2  and ±3% 
in A-Re3 .
Libby (1996) examined in detail the effect of the wake parameter in terms of 
different pressure gradients. His analysis shows that the deviation from logarithmic 
distribution applicable at outer edge of the boundary layer significantly increases as the 
adverse pressure gradient becomes stronger. Conversely, in favorable gradients the 
logarithmic law applies over most of the boundary layer thickness. The negative values of 
the wake parameter are physically possible for flows with favorable pressure gradients 
(accelerating flow). In the present experiments, since the bed slope is held constant, the 
pressure gradient should be favorable and close to zero. Thus it is expected that the value 
of the wake parameter will be negative.
4.1.2 Near-wall perturbation
The mean velocity profiles for Series-B are plotted in a three-column format in 
Figure 4. The distributions denoted by the solid diamonds refer to the velocity profile 
without the perturbation. In the first column, Ux obtained from the Clauser chart is used 
as the velocity scale, while in the third column U xd evaluated from equation (3) is
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utilized. The uncertainties in the estimation of UT is expected to be high as the overlap 
region is rather small, especially at x/d =10. The computation of Utd assumes that the 
outer region is not significantly affected by the near-wall perturbation. In the first 
column, the profile at x/d = 1 0  is very much distorted due to the near-wall perturbation. 
The deviation from log-law in the outer region signifies that a strong wake component 
exists at x/d =10. This is consistent with earlier results of Korgstad and Antonia (1992) 
and may suggest that there is a stronger coupling between the inner and outer layers, than 
that implied by Townsend’s similarity hypothesis. As one moves farther from the 
disturbance, i.e., x/d = 20 and 40, the length of the overlap region increases, and it can be 
said that the flow is recovering. At x/d = 60, the velocity profile collapses on to the 
reference profile over the entire flow, and the mean velocity profile has completely 
recovered. The insets in the first column show the velocity measurements closer to the 
wall in outer scaling. It can be noted that the deviations are the greatest in the region 0.05 
< y/h <0.15 which corresponds to the overlap region. Balachandar and Tachie (2001) 
conducted measurements in a separated flow downstream of forward facing step and 
observed the largest deviation for 0.05 < y/h <0.15. They also noted that the relaxation 
process was non-monotonic and observed that the corresponding velocity gradient was 
higher than the reference profile for x/d < 20. The authors suspected that this may be due 
to higher entrainment of outer flow into the near-wall region at locations closer to the 
point of separation. In the present study, following separation of flow from the top of the 
spheres and reattachment on the bottom wall, one would expect the occurrence of 
complex turbulent mechanisms due to the unsteady nature of the reattachment zone 
leading to intense mixing and homogenization of the flow. The profiles in the last row
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clearly indicate a fair amount of recovery to the reference condition. Based on the results 
of Bushnell and McGinley (1989), one would expect the flow to completely recover at a 
distance of 20h or 400d. This indicates that at least in the mean sense, there has been a 
fairly quick recovery in the present study.
The middle column shows the defect profiles compared to the undisturbed flow. 
The outer region (y/h > 0.2) is very similar in both flows and Uxd is expected to be the 
more appropriate representation of the friction velocity. One can note that the effect of 
the perturbation diminishes with increasing x/d but penetrates more into the overlap and 
outer region. The flow recovery is not complete at x/d = 60. From the third column of 
graphs, it is clear that the disturbance affects not only the overlap region but also the 
outer region.
Some investigators have implied that a developing TBL is self-preserving if 
integral parameters such as the profile shape factor (H) and the skin friction coefficient 
(Cf) become independent of the stream wise distance. The variation of Cf with x/d is 
shown in the inset of Figure 4e. Clearly, the flow is progressing towards recovery state 
and is far from reaching self-preservation.
4.1.3 Background turbulence
Figure 5 shows the mean velocity profiles at various stations for the low and high 
turbulence conditions. At all three stations, when the data is plotted in outer scaling 
(column 1 ), the mean velocities are slightly larger in the presence of high background
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turbulence for 0.1 < y/h < 0.7. A change in the level of turbulence does not affect the 
conformation of the data with log-law (column 2) and the estimated values of U x for the 
two turbulence conditions did not show significant differences at all three stations (see 
insets in Figure 5b and 5c). The extent of collapse of the data with log-law is shortened 
in the case of High-Tu. The overlap extent, 1+ varies from 1319 at Station A to 1490 at 
Station C for High-Tu, whereas at low turbulence, the corresponding values are 2020 and 
2063, respectively. Further, for High-Tu, the velocity profile in the outer region falls 
below the log-law resulting in more negative wake parameters values. Thole and Bogard 
(1996) also made a similar observation in a TBL. In column 3, the effect of High-Tu can 
be noticed through out the depth. In this graph, U xd is used as the friction velocity. The 
computed values of n  are also shown in the insets in Figures 5b and 5c for Low-Tu and 
High-Tu, respectively. There are no significant differences between the shear velocities 
computed from the log-law and the two-parameter optimization of equation (3) for the 
Low-Tu tests. However, there are significant differences (of the order of 30%) between 
U x and U xd computed for the high turbulence flow.
The variation of Cf with turbulence intensity with the two levels of background 
turbulence is shown in the inset of Figure 5a. The skin friction coefficient is higher for 
higher Tu. The data of Hancock & Bradshaw (1983) and Hoffman & Mohammadi (1991) 
are also plotted in the inset and compares well with the present experimental data.
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4.2 Turbulence intensity
4.2.1 Reynolds number effect
Figure 6 a shows the turbulence intensity profiles at a nearly constant Reynolds 
number (Ree ~ 1200) including the OCF measurements by Tachie et al., (2003), the TBL 
measurements of Osaka et al., (1998) and Purtell et al., (1981), and the fully developed 
channel flows of Harder & Tiederman (1991). All the profiles collapse reasonably well in 
the near-wall region (y+ < 30). Beyond y+ > 30, the measurements in the open channel are 
consistently higher values than that of the standard boundary layer. This can attributed to 
the relatively higher background turbulence levels that usually occur in open channel 
flows. Figure 6 b compares the u+ profiles for the present experiments using inner 
variables for Series A. For these profiles some scatter appear in the near-wall region. This 
may be due to difficulty in determining the exact location of the wall (y = 0 ) and further 
complicated by measurement difficulties using the LDA in the region closest to the wall. 
The present data indicates that the peak value of u+ is in the range 2.5 to 3 similar to the 
experimental data of Ching et al., (1995) and Purtell et al., (1981). The peak values of u+ 
for the present profiles occur in the range of 1 0  < y+ < 15, this is where a transition occurs 
within the boundary layer from the inner viscous region to the turbulent inner region. The 
peak value of u+ increases with increasing Ree which agrees well with the predictions of 
Spalart (1988), Purtell et al., (1981) and Wei & Willmarth (1989), where as Tachie et al., 
(2003) show that the peak value of u+ occur in the range 13 <y+< 15 irrespective of Re. 
Wei & Willmarth (1989) showed Reynolds number similarity up to y+ < 12. Tachie et al., 
(2003) observed Reynolds number similarity for y+ < 30, whereas Spalart (1988), Purtell 
et al., (1981) and Ching et al., (1995) indicate similarity for y+ < 15. The present data
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trend clearly indicates a strong Reynolds number effect. The intensity of 'turbulence 
drops as free surface is approached. A clear dependence on Ree is visible for y+> 100.
The distribution of streamwise turbulence intensity in outer variables is shown in 
Fig 6 c. The profiles collapse well for y/h > 0.2 while Reynolds number effects are 
evident in the overlap region. The location of peak value of u/Ue reduces in magnitude as 
Ree increases. These observations are different from those noted in Figure 6 b. This 
indicates that depending on the type of scaling chosen one can arrive at different 
conclusions. Figure 6 d shows the streamwise turbulence intensity normalized by friction 
velocity and depth of flow normalized with depth of flow. Nezu and Nakagawa (1993) 
suggested an equation which describes a mean trend using mixed scaling. This is 
indicated as a line in Figure 6 d.
Use of outer scaling successfully removes the effects of the Reynolds number 
from the outer flow. Similarly, UT as the velocity scale tends to remove the Re effects 
from the inner flow but not in the outer region. However, both outer scaling and classical 
scaling do not absorb the effect of Reynolds number in overlap region. The use of an 
intermediate scaling suggested by Roussinova et al., (2006) was attempted and is shown 
as an inset in Figure 6 d. Barring the very near-wall region (y+ < 15), this scaling absorbs 
Reynolds number effects.
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4.2.2 Near-wall perturbation
The distribution of turbulence intensity in inner coordinates downstream of the 
near-wall perturbed flow and the undisturbed flow is shown in Figures 7a-7d. Here, Uxd 
is used as the normalizing scale. In these graphs, line A-B denotes a horizontal line 
through the top of the spheres. The reference profile (B-SM) is similar to the OCF 
measurements of Tachie et al., (2000) at similar Reynolds number. In the perturbed flow, 
at x/d =10,  the peak value of u+ is 5. For x/d >10,  there is a clear tendency to exhibit 
two local peaks. For example, at x/d = 20, the peaks and their corresponding locations 
are: u+ = 2.9 at y+ = 12 and u+ = 3.4 at y+ ~ 100. The experimental results of Tachie et 
al., (2 0 0 1 ) with a different kind of near-wall perturbation also indicate two peaks in the 
region 10 < x/d < 20. The DNS and LES results of Suksangpanomrung (1999) as well as 
the DNS (Le et al., 1997) and experimental (Jovic and Driver, 1994) results also indicate 
two peaks in the region 10 < x/d < 20. Le et al., (1997) remarked that the turbulence 
structure in the recirculation region of a backward facing step, the turbulence transport 
term removes energy from the shear layer region and delivers it to the near-wall region. 
In the present study, the flow separation from the sphere reattaches to the bed and forms a 
mixing zone downstream of the reattachment point (see inset in Figure 7a). This is 
indicated by a region of very high turbulence in Figure 7a, and the two peaks (near-wall 
peak and mixing zone peak) are perhaps located very close to each other at x/d =10. Due 
to the spreading of the mixing zone, at subsequent stations, the location of the peak 
moves away from the wall, while the magnitude of the peak decreases. Simultaneously, 
due to near-wall flow recovery, a well defined near-bed peak appears. This is similar to 
the near-wall peak in the unperturbed flow.
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One may recall that the largest deviations in the mean velocity profiles from the 
reference profile are in the overlap region (30 <y+< 200). The u profiles also exhibit a 
similar behavior. The agreement between the reference profile and the perturbed flow (at 
x/d = 60) is reasonable in the inner and outer region. Similar to the velocity defect profile, 
turbulence intensity has not completely recovered in the overlap region.
4.2.3 Background turbulence
Figures 8 a-8 c show the effect of turbulence on the u profiles. The profiles at 
Stations A and B with High-Tu show higher value of turbulence intensity compared to 
that of Low-Tu. The difference in the turbulence intensity can be seen throughout the 
depth of flow. The three figures show that with increasing streamwise distance the effect 
of background turbulence decreases. At Station C, the two profiles collapse in the inner 
region where as the effect of background turbulence can be still observed in the outer 
region.
4.3 Probability Density Distribution
Up to this point, the average values of the fluctuating quantities were considered. 
In an effort to further understand the role of turbulence, the distributions of the 
fluctuations are now considered. In order to obtain probability density p(u), the 
fluctuations are classified into bins and the use of a proper bin size to sort the data is 
required. In this study, the bin size is standardized at 0.2a, where a  is the standard 
deviation.
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4.3.1 Reynolds number effect
The p(u) distribution at various values of y+ is shown in Figure 9. A standard 
Gaussian distribution is also shown in each of the graphs. The p(u) distributions close to 
the wall are negatively skewed and deviate from a Gaussian distribution due to 
intermittent nature of flow. Kline et al., (1967) have shown that the streaky structures 
dominate the flow near the wall region. These structures contribute to sweep and ejection 
type events which play a major role in the transport of mass, momentum, and energy in 
wall bounded flows. Compared to TBL, Roussinova et al., (2006) have noted that the 
strength of both sweeps and ejections is greater in OCF. The strong prevalence of 
ejections in the outer regions is another characteristic of OCF. Both types of events 
provoke the non-Gaussian character of the probability density distributions of the 
velocity fluctuations.
As we move farther away from the wall, the P(u) distributions are closer to a 
Gaussian distribution in overlap region which compares well with the results of Tsuji and 
Nakamura (1999) and Durst et al., (1997). In this region, intense mixing and the resulting 
momentum exchange result in Gaussian distribution of velocity probability density 
distribution with skewness tending to zero. Dinavahi et al., (1995) also observed the self 
similarity of probability density distribution beyond the buffer region independent of 
Reynolds number. This was also confirmed by the studies of Lindgren et al., (2004) in a 
high Reynolds number flow.
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In the outer region, p(u) deviates from a Gaussian distribution and the profiles are 
positively skewed due to intermittent nature of the flow. The flow in the outer part is 
characterized by large eddies that are three dimensional and elongated in streamwise 
direction (Blackwelder et al., 1972). The large structures form a wavy interface causing 
the non-Gaussian distribution of probability density distribution.
4.3.2 Near-wall perturbation
Figure 10 shows the the variation of p(u) for Series B. Each row represents the 
distribution at a given x/d station while each column shows the distribution at a given 
distance from the wall. At x/d = 20, the B-NP data are more negatively skewed 
compared to the reference profile (B-SM). At x/d = 40 and 60, P(u) for both B-NP and B- 
SM are equally negatively skewed in the near-wall region. As we move farther away 
from the bed (at x/d = 20, 40 and 60), in the overlap region, the probability density 
distributions for B-NP and B-SM are very close to Gaussian distribution. As indicated 
earlier, in the log-region, one would expect intense mixing and momentum exchange to 
result in the occurrence of a normally distributed probability density distribution. As we 
move further away from the wall into the outer region, the probability density distribution 
starts to deviate from Gaussian distribution and the profiles are positively skewed
4.3.3 Background Turbulence
The P(u) for High-Tu and Low-Tu are plotted for various values of y+ in Figure 
11. The results conform to earlier discussion and no distinct background turbulence 
effects can be noticed in the present data.
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4.4 Gram-Charlier expansion
Kampe de Feriet (1966) and others have suggested to study the dynamics of turbulence 
by investigating the degree to which the probability density function departs from the 
Gaussian form. Various possibilities for constructing multidimensional probability 
density functions based on series expansions and proposed the Gram-Charlier series. 
Lindgren et al., (2004) applied Gram-Charlier expansion very close to the wall and at the 
outer edge of the boundary layer showed significant difference from the Gaussian 
distribution. The probability density function can be expanded into Gram-Charlier series 
as
Here, 0(x) is the Gaussian probability density function and Hn(x) is the Hermite function. 
The values of the coefficients are C0 =1, Ci = C2 = 0, C3 = -S, and C4 = 3- F, where S and
increasing uncertainties in the higher order moments. The coefficient C5 is related to 
hyper skewness in the following manner (Lindgren et al., 2004):
p (x ) = Co0(x) + —  </)\x) + —  ^ "(x) + ....... + — <j>n (x)
1 2  n\
(5)
f ( x )  = (-l)"F„(xM x) (6)
F are the skewness and flatness factors. The expansion can be truncated at 0 5(x) due to
C5 =-Hs +10S, (7)
Where, Hs is hyper skewness and defined as:
(8)
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4.4.1 Reynolds number effect
The coefficients C3 -  C5 from the present study are plotted along with the 
experimental data of Tsuji and Nakamura (1999) in Figure 12. Close to the wall i.e., in 
the viscous sublayer, C3 has a value of -0.7, where as the corresponding value of is C4 ~ 
0.68 (i.e. Fu > 3), is a manifestation of the intermittent bursting events that take place 
there. In near-wall region, the inrush phase of the bursting cycle brings in high velocity 
fluid from the outer layer. With increasing y+, the value of C3 increases and changes sign 
in buffer region (at y+ ~ 12) and is nearly constant in overlap region. The coefficient C4 is 
also constant in overlap region. The values of coefficients in log-region are C3 ~ 0 and C4 
~ -0.2, i.e., skeweness is almost zero and flatness is about 2.8. The entrainment of fluid 
from surrounding flow causes intermittent mixing, which results in significant 
momentum exchange. As noted earlier, this will cause probability density distribution to 
resemble to Gaussian distribution in the log-region. The present results agree well with 
previously obtained experimental results by Tsuji and Nakamura (1999) and Ferholz & 
Finley (1996).
Consistent with the wider overlap region at higher Ree noted in the mean profiles, 
there is tendency for the region of nearly constant C3 and C4 to increase with increasing 
Ree. The Reynolds number effect, if any, becomes more significant in the higher-order 
profiles. The present distribution of C5 for OCF also agrees with previous studies TBL 
data. Clearly, there is significant similarity in the two flow fields.
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4.4.2 Near-wall Perturbation
The Gram-Charlier coefficients downstream of the spheres at several axial 
stations are plotted in Figure 13. At x/d = 20, significant difference from the reference 
profile can be noticed in C3 in the near-wall and the over-lap regions, and supports the 
fact that effect of near-wall disturbance penetrates deeper into the flow. C3 varies 
systematically from a value of about -1 and crosses zero near y+ = 100. Farther away 
from the wall, the C3 profile shows two peaks (C3 = 0.66 at y+ = 207 and C3 = 0.7 at y+ = 
1141) whereas, the reference profile has one peak (C3 = 0.7 at y+ = 1118). The value of 
C3 starts to decrease as the free surface is approached. A similar trend in C3 can be seen 
at x/d = 40. Nano and Tagawa (1987) point out that a change in sign in the skewness 
factor (or negative C3) is an indication of the existence of coherent structures. One would 
thus expect large coherent structures both near the wall and near the edge of the boundary 
layer. At x/d = 60, the C3 profile collapses reasonably well over the reference profile, but 
the two peak values still persist, representing the recovery of flow is not yet complete. 
The value of C3 is close to zero for wider range of y+ with increasing x/d. Rows 2 and 3 
in Figure 13 shows the variation of C4 and C5 with increasing x/d. Differences between 
B-NP and B-SM profiles can be noticed at x/d = 20 which decreases with increasing x/d.
4.4.3 Background turbulence
The effect of turbulence on the Gram-Charlier coefficients are shown in Figure 
14. The C3 profiles for both the tests collapse well in the inner region, where as 
differences can be seen in outer region. In the case of C4 and C5 profiles, larger
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deviations between the profiles can be noticed only in the outer region towards the free 
surface.
4.5 Power Law
4.5.1 Reynolds number effect
Power laws were sought for the present data by curve fitting the data and are 
shown in Figure 15. It is of interest to identify the extent to which (range of y+) the 
power law fits the data and compare with log-law. To this end, the fits were also carried 
out for different ranges of y+. The goodness of fit (R2) is also indicated in each of the 
graphs. The power law coefficient C shows an increasing trend with increasing Reynolds 
number, where as a decreases with increasing Reynolds number. As indicated in the 
graphs, the value of C and a change slightly with the chosen range of y+. The table in 
Figure 15 clearly indicates the extent of fit in the log-region (as indicated by the 1+ value) 
that there is no added advantage in using the power law over the log-law.
4.5.2 Near-wall perturbation
Figure 16 shows the power law fits with and without the near-wall perturbation. 
The unperturbed flow resembles the typical smooth wall profile and is shown as a dashed 
line in the graphs. With near-wall perturbation, the power law constants change with 
distance and slowly recover with increasing x/d. It is also clear from the figures that the 
data fit the power law better than the log-law even with near-wall perturbation.
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4.5.3 Background turbulence
Figure 17 shows the power law velocity profile fit to the data with high 
background turbulence. It can be clearly seen that the turbulence levels affect the value of 
C significantly.
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS FOR FURURE WORKS
5.1 Conclusions
In a smooth open channel flow, the mean velocity profile in inner variable showed 
that the extent of overlap or logarithmic region increased with increasing Reynolds 
number. The skin friction coefficient for the range of Re studied was higher than that 
noticed in canonical zero pressure gradients flows and decreased with increasing 
Reynolds number. The wake parameter of 0.55 obtained from zero-pressure gradient 
TBL was found to be inappropriate for the smooth OCF, and new values of wake 
parameters were determined. No definite trend can be established from the present study 
but the n  values are around zero. The present results support the fact that the overlap 
region exhibits Re dependence, irrespective of the scaling, however the scaling proposed 
by Roussinova (2006) reduces the Re effects. The probability density functions and the 
Gram-Charlier series coefficient distributions in OCF are very similar to that noticed in 
TBL.
The recovery of the flow was studied by observing the velocity profiles 
downstream of near-wall perturbation and compared with undisturbed flow. The results 
indicate that the profiles downstream of near-wall perturbation are quite distorted and the 
recovery of the flow to the undisturbed flow condition is slow. The present results do not 
show any significant differences in the mean velocity profile compared to the reference 
profile at x/d = 60. The mean velocity defect profile at x/d = 60 does not show recovery 
in the overlap region. The streamwise turbulence intensity profile showed two peaks
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dow nstream  o f  near-w all perturbation. The recovery o f  turbulence intensity  in  inner 
coordinates as w ell as outer coordinates is slow er com pared to m ean flow. The agreem ent 
betw een the reference profile at x/d=60 can be seen in inner and outer region, w here as in 
the overlap region turbulence intensity deviates from  the reference profile. The p(u) 
distributions close to the w all are m ore negatively skewed, com pared w ith  the reference 
profile. In the outer region, p(u) deviates from  a G aussian distribution and the profiles are 
positively skewed. O bserving the h igher-order m om ents, differences can be seen in  C3 
and C4 from  the reference profile in  near-w all region as w ell as outer region, w hich 
shows that the effect o f  near-w all disturbance penetrates deep into the flow . A t x /d =  60, 
C3, C4 and C5 do not collapse onto the reference profile. The coefficients o f  pow er law  
velocity profile show ed recovery o f  flow  at x /d = 60 .
The presence o f  h igher background turbulence significantly alters the characteristics 
o f  flow. V elocity  defect in  the outer region is decreased resulting in  m ore negative values 
o f  the w ake param eter, w hile the G ram -C harlier series coefficients are m ore uniform ly 
distributed through the depth.
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5.2 Recommendations for future works:
1) Since outer scaling and classical scaling does not absorb the effect of Reynolds 
number in overlap region. Therefore an intermediate scaling should be used for overlap 
region.
2) Application of very high resolution LDA is useful to explore the turbulence structure 
in the immediate vicinity of near-wall perturbation and also the free surface region of an 
open channel flow.
3) To further study the effect of size of the near-wall perturbation on the flow recovery.
4) To study the effect of background turbulence for various values of Reynolds number.
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Uncertainty Analysis
This section contains the error estimation for the results reported in this study. The 
uncertainties in the mean measurements are quantified. The main source of error in the 
LDA measurements is the uncertainty in the determination of the frequency present in 
each burst of the processor. In addition to the above, the uncertainty in statistical 
quantities will also depend on the sample size (N).
A methodology for estimating uncertainty in LDA measurements was developed by 
Yanta and Smith (1973) and Schwarz et al., (1999). They derived the following relations 
for the uncertainty in the streamwise component of the mean velocity respectively:
f  1 , \ 2 l K
(cr )2 + — f — ] Eq. (a)
u  v n { u j
Where a 0  is the error due to the uncertainty in the determination of the beam crossing 
angle and N is the number of samples.
The corresponding expression for the streamwise component of the turbulence 
fluctuations is given by:
Following Schwaz et al., (1999) a value of a 0  = 0.4 is adopted in the present analysis.
v y
Eq. (b)
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Typical estimates of uncertainties for the mean and fluctuation quantities are given in 
Table A using the test condition for Test A-Re2 .
U (%) u (%)
0.4 0.6
Table A.l Typical uncertainty estimates for Test A-Re2
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